Simian virus 40 small t antigen (st) is required for optimal transformation and replication properties of the virus. We find that in certain cell types, such as the human osteosarcoma cell line U2OS, st is capable of inducing apoptosis, as evidenced by a fragmented nuclear morphology and positive terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling staining of transfected cells. The cell death can be p53 independent, since it also occurs in p53-deficient H1299 cells. Genetic analysis indicates that two specific mutants affect apoptosis induction. One of these (C103S) has been frequently used as a PP2A binding mutant. The second mutant (TR4) lacks the final four amino acids of st, which have been reported to be unimportant for PP2A binding in vitro. However, TR4 unexpectedly fails to bind PP2A in vivo. Furthermore, a long-term colony assay reveals a potent colony inhibition upon st expression, and the behavior of st mutants in this assay reflects the relative frequency of nuclear fragmentation observed in transfections using the same mutants. Notably, either Bcl-2 coexpression or broad caspase inhibitor treatment could restore normal nuclear morphology. Finally, fluorescence-activated cell sorting analysis suggests a correlation between the ability of st to modulate cell cycle progression and apoptosis. Taken together, these observations underscore that st does not always promote proliferation but may, depending on conditions and cell type, effect a cell death response.
The early region of simian virus 40 (SV40) encodes three gene products: large T (LT) antigen, 17k, and small t antigen (st). Because of the splicing arrangement, LT and st share the amino-terminal 82 amino acids encoded within the first exon (referred to as the T/t common region). Previous work has demonstrated that this segment encompasses a bona fide DnaJ domain capable of binding Hsc70 (11, 74, 75 ; W. L. Kelley and S. J. Landry, Letter, Trends Biochem. Sci. 19:277-278, 1994). The DnaJ domain is important for several functions of cell growth regulation as well as viral replication (11, 74, 75, 88) . LT and 17k share a region responsible for interactions with the pRB tumor suppressor protein and related family members, but they differ in their carboxyl termini. st contains at its carboxy terminus an additional 92 unique amino acids coded for in a portion of the early transcript spliced out of the LT and 17k messages.
While the major transforming protein of SV40 is LT (reviewed in reference 37), st also contributes. The function of st appears to be auxiliary in both transformation and viral replication, often apparent only under limiting conditions (6, 7, 41, 60, 70, 76) . In certain cell types, such as primary human diploid fibroblasts, focus formation requires st as well as LT (55, 61) . Furthermore, anchorage-independent growth in certain cell lines also depends on both st and LT (31, 48) . One activity commonly attributed to st is the induction of cell cycle progression in otherwise quiescent cells (16, 28, 29, 72) . Transgenic animal models also suggest a requirement for st in tumor formation within certain nondividing tissues; LT is not sufficient (15) . In addition, st can complement LT for transformation when the latter is expressed at low levels (7) . Notably, in the context of the viral life cycle, st promotion of cell cycling is likely to benefit viral replication, since efficient replication takes place only when the host cell is in S phase (16, 78) .
The deregulation of the cell cycle caused by st appears complex. So far the only known cellular target besides Hsc70 is protein phosphatase 2A (PP2A) (52) . Although the association appears to be stoichiometric in nature, it is unclear if this interaction serves only to inhibit PP2A activity, as suggested by in vitro experiments, or whether st also redirects PP2A to a different set of substrates (52, 86) . Notably, the interaction with and inhibition of PP2A affects signal transduction pathways. It was demonstrated that the binding of st to PP2A in CV-1 cells causes activation of the MEK and ERK family kinases with concomitant stimulation of cell growth (72) . In addition, st can activate other kinases, such as Jun N-terminal kinase (JNK) and protein kinase C (PKC); activation of the latter was reported to enhance NF-B activity (73) . The activation of PKC and NF-B appears to depend somehow on phosphatidylinositol 3-kinase, since specific inhibitors of this pathway, such as wortmannin, LY294002, and dominant-negative p85␣, can block it (73) . In light of these effects of st on signal transduction pathways, it is perhaps not surprising that st is also a rather promiscuous modulator of transcription. While st is reported to transcriptionally activate most of its target promoters, such as cyclin D1 (83) , cyclin A (55), adenovirus E2 (48) , and c-fos (47) , it can also, albeit less often, repress transcription. In one report, Wang et al. demonstrated that st represses c-fos-and AP-1-dependent transcription in CV1-P cells (81) , whereas it was previously reported that in CV-1 cells AP-1 transcription is activated by st (25) . These seemingly contra-dictory observations are likely to be attributable to cell type variations in the st response.
While the transcriptional induction of the cyclin D1 promoter requires binding of st to PP2A (83) , the corresponding induction of cyclin A or adenovirus E2 promoter activity depends instead on a functional J domain, as suggested by the fact that a double mutation at residues 43 and 45 disrupts this function (48, 55) . Experiments in which st expression is accomplished via recombinant adenovirus infection demonstrate a clear up-regulation of cellular cyclin A mRNA and protein levels (55, 56) . In addition, it was observed that the cyclindependent kinase (cdk) inhibitor p27 KIP1 was down-regulated by induced protein degradation (56) . For SV40 st, it is not yet clear which function is required for this; however, in the case of the related polyomavirus st, p27 KIP1 degradation correlated with PP2A binding (66) . Since LT down-regulates the related cdk inhibitor p21 CIP1 , this may well explain why the concerted action of st and LT is required for the observed increase in cyclin A and cdk2 activity upon their coexpression (56) . st may also influence the p53 growth-suppressive pathway, since it can complement a pRB binding mutant (K1) of LT for override of a p53-induced growth arrest in the T64-7B cell line (27) .
Although only two functions of st have been identified so far, more are likely to be unraveled. Evidence from the related polyomavirus st points to the possible existence of other SV40 st functions (40) . In fact, it was originally reported that stable lines expressing polyomavirus st could not be established due to an uncharacterized cytotoxicity of st (5, 40) . In contrast to the positive, stimulatory role st plays in many aspects of cell proliferation, we find that in certain cell types, such as the human lines U2OS and H1299, st causes cell death by apoptosis. The induction of cell death is p53 independent and depends on PP2A binding, as demonstrated by two different types of binding mutants. Cell death is manifested both in the disrupted nuclear morphology and in positive terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining of st-expressing cells as well as potent colony inhibition in a long-term assay for puromycin-selected cells. Consistent with death by apoptosis, we find that either Bcl-2 or the broad caspase inhibitor z-VAD-FMK partially protects against cell death. Hence, st not only positively affects cell proliferation but can induce cell death in select cell types and perhaps under certain cellular conditions.
MATERIALS AND METHODS

Cells and transfections.
The human osteosarcoma cell line U2OS and the human lung carcinoma cell line H1299 were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) (JRH Biosciences) and penicillin-streptomycin at 37°C under 5% CO 2 . The monkey kidney cell line CV1-P was cultured under identical conditions. Cells were transfected by using Fugene-6 according to the manufacturer's instructions (Roche). For the colony inhibition assays, 5 g of pLPCX (Clontech) vector or 5 g of pLPCXexpressingthewild-typeormutantstwasused.Briefly,235lofDMEM(without penicillin, streptomycin, or serum) was incubated with 15 l of Fugene-6 reagent for 5 min. Subsequently, all of this mixture was transferred to another tube with 5 g of plasmid DNA, mixed, and incubated for another 15 min. Finally, this mixture was added dropwise to cells on 6-cm-diameter tissue culture dishes. Approximately 24 h later, these cells were trypsinized and transferred into a 10-cm-diameter dish. After another 24 h, selection was initiated with 1.5 g of puromycin/ml. After 2 to 3 weeks the colonies were visualized by staining with 0.5% crystal violet.
Some of the flow cytometry experiments employed BES (N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid, sodium salt)-buffered calcium phosphate transfection, which was performed according to previously detailed protocols (13, 27) .
Plasmids and mutagenesis. Transfections for apoptosis assays such as TUNEL and 4Ј,6Ј-diamidino-2-phenylindole (DAPI) staining were conducted with st constructs or mutants thereof expressed from the SV40 early promoter in pSG5 (Stratagene). All the st constructs are cDNA versions obtained by PCR in order to contain only the minimal st coding sequence and cloned into pSG5 with BamHI sites on either end. The design of the st expression vector ensures that there are no spurious splice products deriving from downstream LT splice acceptor sites. For construction of the TR4 mutant, a downstream oligonucleotide was designed which causes the PCR product to lack coding for the final four amino acids. In all cases in which PCR was involved, the entire st cDNA was verified by automated sequencing. The mutants D44N, C103S, and C103S/TR4 were all derived by QuikChange mutagenesis following guidelines of the manufacturer (Stratagene). Mutations were confirmed by sequencing. For colony assays, st wild-type or mutant cDNAs were cloned into the BglII site of pLPCX (Clontech), which carries a puromycin resistance gene. The st cDNA was also cloned into the BamHI site of pIRES2-EGFP (Clontech) to generate pIRES2-EGFP st, thus allowing st to be expressed bicistronically with enhanced green fluorescent protein (EGFP). The pCMV Bcl-2 and pcDNA3 baculovirus p35 expression vectors have been previously described (54) . Furthermore, the LT and 17k expression vectors pCMV-TAg and pSG5 17k have been previously described (11, 27) .
Western blots. U2OS cells transiently transfected with 10 g of pSG5 st or mutants thereof by the Fugene-6 method on 10-cm-diameter dishes were washed once and then collected in phosphate-buffered saline (PBS) at 48 h posttransfection. Subsequently, extracts were prepared in T antigen extraction buffer (TEB) (50 mM Tris [pH 7.5], 150 mM NaCl, 1.0% Nonidet P-40, 2 mM EDTA, 5 g of leupeptin/ml, 5 g of pepstatin/ml, 0.5 mM phenylmethylsulfonyl fluoride) for 15 min on ice. The lysates was obtained by spinning out the debris in a microcentrifuge at 10,000 ϫ g for 10 min at 4°C. Finally, the lysates were boiled with an equal volume of 2ϫ sodium dodecyl sulfate (SDS) sample buffer (5% SDS, 25% glycerol, 62.5 mM Tris [pH 6.8], 0.0075% bromophenol blue, 0.7 M ␤-mercaptoethanol) for 4 min. Approximately 100 g of each lysate was loaded on an SDS-12% polyacrylamide gel electrophoresis (SDS-12% PAGE) system. After resolution by SDS-PAGE, the proteins were transferred by Western blotting to a nitrocellulose membrane, which was probed overnight with a PAb419 tissue culture hybridoma supernatant diluted 1:10. After appropriate washes and incubation with a secondary anti-mouse, horseradish peroxidase-linked antibody, the signal was visualized by enhanced chemiluminescence according to the protocol provided by the supplier (Amersham-Pharmacia).
[ 35 S]methionine labeling and immunoprecipitation. Transiently transfected U2OS cells on 10-cm-diameter dishes were washed twice with DMEM minus methionine (Gibco Life Sciences) and then incubated in this medium for 30 min. A 2-ml mixture of DMEM minus methionine, 2% dialyzed FCS (Gibco Life Sciences), and 1 mCi of [ 35 S]methionine Express label (New England Nuclear) was added to each dish. Metabolic labeling proceeded for 4 h in a 37°C incubator with 5% CO 2 . The cells were washed twice with PBS and then extracted in the dish with 1 ml of TEB for 15 min on ice. Lysates were obtained after centrifugation at 10,000 ϫ g for 10 min at 4°C to remove cell debris. For immunoprecipitation, 2 l of PAb430 ascites fluid (kindly provided by M. Imperiale, University of Michigan Medical School) was added to the lysate, and mixing at 4°C proceeded for 2 h, at which point 30 l of protein A-Sepharose (Pharmacia) was added for incubation for another 45 min. The immunoprecipitates were washed three times with TEB, and finally the beads were eluted by boiling in 2ϫ SDS sample buffer for 4 min. Radiolabeled, immunoprecipitated proteins were analyzed by SDS-PAGE on a 12% gel.
Immunofluorescence/TUNEL. Cells were seeded on either coverslips coated with poly-L-lysine (Sigma) or Labtek Chamberslides II (Nunc) and transfected with Fugene-6 reagent. After 24 or 48 h, cells were fixed in 4% paraformaldehyde (catalog no. 15710; EM Biosciences) for 20 min at 4°C. The cells were then gently washed twice with PBS and permeabilized with 0.2% Triton X-100 for 5 min. Subsequent to two PBS washes, TUNEL staining was carried out with the Promega kit (Apoptosis Detection System, fluorescein, catalog no. G3250) according to the manufacturer's protocol. After TUNEL staining, the cells were processed for immunofluorescence staining for st. Blocking of nonspecific binding with 10% goat serum in PBS was carried out for 20 min. Cells were then incubated for 1 h with PAb419 monoclonal anti-T/t (recognizes an epitope within the 82-amino-acid common region between st and LT) hybridoma supernatant diluted 1:5 in PBS with 1% goat serum. After three washes in PBS, secondary anti-mouse Cy3-conjugated antibody (Jackson Sciences) at 1:1,000 was applied for 30 min. Finally, the cells were stained with DAPI (Sigma) at a concentration of 1 g/ml and mounted with Fisher Scientific mounting medium. Microscopy was carried out on a Nikon Eclipse TE300 fluorescence microscope setup, where cell pictures can be captured with a digital camera using a Uniblitz shutter and the Metamorph program.
For protection experiments, the cells were treated with the broad caspase inhibitor z-VAD-Fmk (Calbiochem) (50 M) or the specific MEK inhibitor U0126 (Promega) (10 M) overnight and compared to vehicle (dimethyl sulfoxide)-treated cells.
FACS. Dual-color fluorescence-activated cell sorting (FACS) was performed to determine the cell cycle profile of the transfected cell population. Briefly, the H1299 cells on 10-cm-diameter dishes were transfected with 2 g of pCMV CD20 and 8 g of pSG5 st expression vector by using Fugene-6. The cells were detached at 72 h posttransfection (at this time point the cycling of H1299 cells was minimal and the cell cycle effects of st were maximized) with 0.1% EDTA in PBS and then incubated with 20 l of anti-CD20-fluorescein isothiocyanate conjugate (BD PharMingen) for 30 min on ice. Subsequently, the cells were washed in PBS containing 1% FCS and permeabilized in 70% ethanol for a minimum of 30 min on ice. Finally, the cells were washed again with PBS-1% FCS and stained for 30 min at 37°C with 50 g of propidium iodide/ml in the presence of 10 g of RNase A/ml. Cell cycle profiles were obtained on a Becton Dickinson flow cytometer using FACScan software. A minimum of 10,000 CD20-and FITC-positive cells were gated for calculation of cell cycle distribution. The relative proportion of cells in G 0 /G 1 , S, and G 2 /M was estimated using the program ModFitLT.
RESULTS
Induction of apoptosis by SV40 st but not LT in U2OS cells.
Several lines of past experimental evidence have documented the important helper function for st in both replication and transformation mediated by SV40. Given the duality of many viral oncoproteins in contributing both positively and negatively to cell survival, we set out to investigate if st might have proapoptotic activities under certain conditions (see Fig. 1 for a schematic drawing of st functions). In order to examine signs of cell death, we transiently transfected the human osteosarcoma cell line U2OS and studied the nuclear morphology of expressing cells using DAPI staining of the DNA. Although LT in some cell systems reportedly can induce apoptosis (14, 18, 33) , we found that U2OS cells were refractory to apoptosis by LT, and LT therefore served as a suitable negative control. We identified transfected cells by immunofluorescence using the PAb419 antibody, which recognizes an epitope contained within the first exon of LT; hence the same antibody was used for st cell staining. The vast majority of LT-expressing cells had intact nuclear morphology as visualized by DAPI staining ( Fig.  2A) . In striking contrast, we found that the st-expressing U2OS cells stained with DAPI displayed the typical features of apoptotic cells, such as chromatin condensation, extensive rounding, membrane blebbing, and, most importantly, nuclear fragmentation (Fig. 2B ). Cell death could be detected as early as 24 h but was typically measured at 48 h, when it was more pronounced. As a confirmation of cell death by apoptosis, we also performed TUNEL staining on st transfectants (Fig. 3) . TUNEL staining quantitates apoptotic chromosome fragmentation by labeling the free 3Ј-OH of fragmented DNA with terminal deoxynucleotidyltransferase and fluorescein-12-dUTP, hence the name deoxynucleotidyltransferase-mediated dUTP nick-end labeling. A majority of the cells expressing st were also TUNEL positive, thus verifying death by apoptosis. Quantitative data from a minimum of two independent experiments, each counting a total of 100 st-expressing cells, demonstrated that an average of 89% of the nuclei were fragmented, thus showing clear signs of programmed cell death (Fig. 4) .
Genetic analysis of the SV40 st death response. st is known to possess at least two functions, one attributed to its J domain and the second to its PP2A binding capacity (illustrated in the diagram in Fig. 1) . We tested the possible contribution of each of these two st functions in induction of death using the D44N and C103S mutants, which are defective in J domain function and PP2A binding, respectively (27, 48) . While the J domain did play a minor role (77% of the nuclei were disrupted with the D44N mutant), we found the PP2A binding function to be a more major player (45% of the nuclei disrupted for the C103S mutant) (Fig. 4) . Consistently, however, we found that the C103S mutant showed a significant ability to promote cell death. Furthermore, the double mutant D44N/C103S showed the same propensity to induce cell death as the single C103S mutant (data not shown). Hence, we concluded that another function might be required in concert with PP2A binding to induce efficient cell death, or, alternatively, the C103S mutant is not fully defective for PP2A binding. Interestingly, the tail region of st is relatively conserved among the polyomavirus st antigens, although for mouse polyomavirus st, this homologous region is not located at the immediate carboxy terminus. Given the potential significance of the tail sequence, we created a truncation mutant of SV40 st lacking the carboxy-terminal four amino acids, henceforth referred to as TR4. When tested in a cell death induction assay based on apoptotic morphology of nuclei, we found the TR4 mutant to be partially defective (54% of the nuclei disrupted), thus confirming that the st function affected by the TR4 deletion contributes to cell killing (Fig. 4) . The double mutant C103S/TR4 was totally defective for cell death induction, since virtually all the nuclei analyzed were intact ( Fig. 2C and 4) . Interestingly, the subcellular localization of the C103S/TR4 double mutant also appeared to be altered from the uniform distribution throughout the cells of wild-type st to a predominantly nuclear pattern (compare Fig. 2C and B) . Cell staining, when performed after transfections with the various mutants, did not reveal major variations in expression levels. Nevertheless, the expression levels were assessed in a more quantitative manner by transient transfection into U2OS cells followed by Western blot analysis of the lysates using the PAb419 antibody. As shown in Fig. 5 (11) . The central region of st appears to contain the major binding determinants for PP2A (42, 48, 72) . Two frequently used PP2A binding-deficient mutants, C97S and C103S, are indicated (48) . Furthermore, the diagram depicts two cysteine clusters responsible for binding Zn. Also indicated is the TR4 mutant lacking the final four amino acids of st. were quite comparable between wild-type st and the various mutants. Notably, the truncation mutants TR4 and C103S/TR4 run with a faster mobility on an SDS-polyacrylamide gel, consistent with their smaller size. It should also be mentioned that the expression levels upon transient transfection with our SV40
early promoter-driven construct were approximately equivalent on a per-cell basis to the levels of st found in COS-1 or COS-7 cells (data not shown). Western analysis with PAb419 followed by quantitation on a FluorImager suggested that the endogenous expression of LT in COS or ectopic expression of LT in U2OS was much higher than that of st, yet no apoptosis ensued. The TR4 deletion unexpectedly diminishes PP2A binding in vivo. Since the C103S and TR4 functions each partially affected induction of apoptosis, it became important to distinguish whether the TR4 deletion mutant defines a novel function or whether it also affects PP2A binding. For this purpose, we obtained PAb430 antibody, which is capable of coprecipitating PP2A in a complex with st, whereas the PAb419 antibody obscures the interaction (Fig. 6) . In order to analyze the interaction in vivo, we metabolically labeled wild-type or mutant st-transfected U2OS cells with [ 35 S]methionine and subsequently immunoprecipitated the st with PAb430 antibody. In parallel, an expression vector for 17k was also transfected as a control. As shown in Fig. 6 , it was observed that wild-type as well as the D44N mutant of st coprecipitated both the 63-kDa A subunit and the 36-kDa C subunit of PP2A. As expected, the binding of the C103S mutant to PP2A was reduced. We consistently observed in several experiments that the level of C103S was somewhat lower than that of wild-type st or other mutants; this has been previously noted (48) . Importantly, the TR4 mutant was also quite defective for PP2A binding, suggesting that the carboxy terminus might make contributions in vivo to an efficient interaction. This result was unexpected given previous demonstrations that several carboxy-terminal truncation mutants of st still bound the A subunit of PP2A in vitro. It should be emphasized that binding assays in vitro consistently show that both the C103S and TR4 mutants retain considerable residual binding to PP2A (reference 48 and our unpublished data).
Inhibition of colony formation by SV40 st and mutants. Although the evidence for apoptotic cell death obtained by microscopy techniques described above was quite extensive, we pursued further evidence and quantitative data for cell death using a colony suppression assay which has been successfully applied before in similar contexts. Basically, the colony-forming ability of an empty vector (pLPCX) and that of the same 4 . Quantitative analysis of cell death induction by st mutants as measured by nuclear fragmentation. U2OS cell were transfected as described for Fig. 2B with an expression vector encoding either wildtype st or the mutant indicated. Immunofluorescence staining for st and DAPI staining of the DNA were performed. Every cell that expressed the desired mutant was counted as having either a damaged or an intact nucleus based on DAPI visualization of the nuclear morphology. The graph contains data from a minimum of two independent experiments (for some mutants more than two), and in each experiment 100 positive (expressing) cells were scored. Finally, the data were averaged and plotted as the percentage of cells with intact nuclei. LT was used as a negative control, since it did not affect nuclear integrity in U2OS cells. vector directing expression of st from the CMV promoter (pLPCX st) were compared when transfecting U2OS cells and selecting for puromycin resistance inherent in the pLPCX vector (Clontech). We observed, in at least five independent experiments, a dramatic reduction in colony formation upon st expression (Fig. 7A ). Subsequently, we tested the st mutants D44N, C103S, TR4, and C103S/TR4 in the colony inhibition assay. While the J domain was found to affect st colony inhibition only marginally (Fig. 7A, D44N mutant) , the PP2A binding-defective mutant C103S was impaired in st-mediated colony suppression (Fig. 7A) . The TR4 mutant also displayed a reduced ability to inhibit colony formation. The double mutant C103S/TR4 appeared to be slightly more defective for st colony suppression than the C103S mutant alone. Collectively, the colony inhibition data for mutant st's are quite consistent with the data obtained in transient transfections using miscroscopic examination of nuclear integrity (Fig. 4) . The data from the colony suppression assay, while largely correlating with data from inspection of nuclear morphology, did demonstrate some residual induction of cell death, even by the most defective C103S/ TR4 mutant (Fig. 7A) . This observation may suggest that a long-term clonogenic assay could reveal additional functions in st that might be detrimental to cell growth.
Colony inhibition by SV40 st occurs in p53-deficient H1299 cells. One frequently studied tumor suppressor, the p53 protein, has been implicated in several apoptotic pathways induced by a wide variety of agents. It was of interest to determine if the cell death response we observed with st was p53 dependent or independent. For this purpose, we performed a colony suppression assay with the p53-deficient lung carcinoma cell line H1299 (Fig. 7B and C) . Notably, we observed an equally dramatic decrease in colony formation upon st expression as was seen in U2OS cells, which are wild type for p53 (compare Fig. 7A with B and C). It was also noted that st expression in H1299 caused a nuclear fragmentation characteristic of apoptosis that was similar to that seen in U2OS (data not shown). Furthermore, induction of cell death in H1299 cells by the mutants of st as judged from the colony suppression assay largely reflected the pattern observed in U2OS (Fig.  7A versus B and C) . Significantly, cell killing was markedly diminished by the C103S mutation but was almost unchanged in the TR4 mutant. Although we cannot exclude the possibility that some part of the st death response involves p53, st can induce substantial cell death in a p53 null background.
Induction of cell death by SV40 st is cell type dependent. Given our observation that st can induce apoptotic cell death in some human cancer lines, such as U2OS and H1299, it was important to establish how universal this observation is in the context of other cell lines from different species. Since the natural host of SV40 for a lytic infection is the monkey, we investigated whether st expression in the monkey kidney cell line CV1-P could cause cell death. As shown in Fig. 8 , the CV1-P cells expressing st displayed no signs of fragmented nuclei, and we did not notice any other indications of compromised viability. This is in agreement with previous studies that made use of CV-1 cells stably expressing st. Also, we did not observe apoptosis after transient transfection in NIH 3T3 cells (data not shown). Hence, we conclude that the ability of st to elicit a cell death response is cell type and/or species dependent.
SV40 st-induced apoptosis can be partially suppressed by Bcl-2 or broad caspase inhibitors. One of the most thoroughly characterized suppressors of apoptosis is the Bcl-2 protein. Hence, we tested whether Bcl-2 might suppress the death re- (Fig. 9A) . When st was coexpressed with Bcl-2 in a 1:4 ratio of expression plasmids, the morphology of GFP-expressing cells reverted to being largely normal (Fig. 9B) . Significantly, the majority of the nuclei also looked intact (Fig. 9C) . In fact, upon Bcl-2 coexpression, 67% of the nuclei appeared normal whereas of the cells expressing st alone, only 11% were normal (Fig. 9D) . We conclude that Bcl-2 does have a protective effect, at least short term, in largely preserving nuclear integrity and overall morphology of the cell. As a control to demonstrate that Bcl-2 cotransfection did not lower the level of expression of st, a Western blot was performed (Fig. 9E) . Transfection of 1 g of st vector plus 4 g of pcDNA3 vector was directly compared to 1 g of st vector plus 4 g of pCMV Bcl-2. As shown in Fig. 9E , coexpression with Bcl-2 did not reduce the expression of st; in fact, quantitation on a FluorImager indicated that there was twofold more st upon coexpression of Bcl-2. The right panel in Fig. 9E shows a Western blot using the same samples but probing for Bcl-2. The apparent increase in st production upon Bcl-2 coexpression may be due to better survival of cells expressing a large amount of st. Many apoptotic processes converge at the level of executioner proteases, termed caspases. We tested whether caspases are involved in the st-mediated death response by using either treatment with the broad caspase inhibitor z-VAD-Fmk (final concentration, 50 mM) or coexpression with the baculovirusencoded caspase inhibitor p35 (54) . With z-VAD-Fmk treatment, 73% of the nuclei appeared normal (Fig. 9D) . Similarly, we found that p35 coexpression yielded 75% intact nuclei, consistent with the conclusion that caspases are indeed involved in the execution step of st-mediated cell death (Fig.  9D) .
As mentioned previously, one major route for st mitogenic activity involves the activation of the MEK/ERK pathway via PP2A inhibition (72) . Since the induction of cell death also involves PP2A binding (Fig. 4 and 7) , it was important to probe the possible contribution of MEK/ERK activity to st-mediated cell death. For that purpose, we used the specific MEK inhib- itor U0126 (Promega) and found that this treatment could protect the cells partially (56.5% of the nuclei appeared intact [ Fig. 9D]) . Consequently, we conclude that the MEK/ERK pathway contributes to the st cell death response but that there are other players involved.
Induction of apoptosis by SV40 st correlates with its cell cycle modulatory activities. Because apoptosis is often linked to deregulation of cell cycle transitions, we examined the effects of st on the cell cycle using dual-color FACS analysis with H1299 cells. Briefly, st expression plasmids were cotransfected in a 5:1 ratio with an expression vector for CD20, which was then used as a surface marker for transfected cells. The transfection marker allowed us to use flow cytometry to obtain the cell cycle profile of the transfected cell population. Cell cycle profiles were obtained at 72 h posttransfection because this time point gave the lowest level of cell cycling in untransfected H1299 cells. We also compared two different transfection methods: one involving the Fugene-6 reagent and the other based on BES-buffered calcium phosphate coprecipitation. We found that using either transfection protocol, a significant increase (always greater than 10%) in the S-phase population was obtained when wild-type st was transfected (Table 1) . Interestingly, either mutation of the PP2A binding motif (C103S) or truncation of the last four amino acids (TR4) totally abolished the S-phase increase; the J domain mutation had only a minor effect. These results suggest that there may be connections between cell cycle effects and induction of apoptosis by st. Interestingly, we found that wild-type st, especially when transfected into H1299 cells by the calcium phosphate method (Table 1 , experiments III and IV), elicited an accumulation of cells in G 2 /M. One possibility remains, that st causes a G 2 block (62). It may have been revealed only with the calcium phosphate transfection protocol because these cells are switched to fresh medium with 10% FCS on the first day posttransfection whereas the Fugene-6-transfected cells are not. Consistent with this hypothesis, Rundell and Parakati found that expression of st in human diploid fibroblasts using a recombinant adenovirus induced significant G 2 /M-phase accumulation only in the presence of serum (62) .
DISCUSSION
This study reveals the existence of a novel proapoptotic activity of SV40 st based on an assessment of nuclear morphology, TUNEL staining, colony reduction, and suppression of cell death by Bcl-2 or caspase inhibitors (Fig. 2, 3 , 4, 7, and 9A, B, and C). Most previous reports have characterized the positive role st plays in promoting cell proliferation pathways. Notably, st can induce cell cycle progression in certain scenarios and activate signal transduction pathways involving MEK/ ERK and JNK via PP2A binding (16, 28, 29, 47, 56, 72, 73) (Fig. 10 and Table 1 ). With this demonstration of st participation in cell death regulation, st joins the already impressive list of cellular and viral oncoproteins implicated in apoptosis signaling (for a review, see reference 59). Regulation of cell survival, growth, and proliferation is often multifaceted, showing complexities even within one given protein (for a review, see reference 23). For example, the cellular oncoproteins cMyc and E2F-1 induce both proliferation and apoptosis (reviewed in reference 23). It is likely that this characteristic acts as a fail-safe mechanism to prevent tumorigenesis in the absence of a function protective against cell death. Certain proteins have even evolved to possess both proapoptotic and antiapoptotic activities, e.g., activated H-Ras, which turns on several downstream targets with opposing effects on cell death. In this case, the final outcome of its overexpression is likely to depend on the cell type in conjunction with other factors and may determine whether the cell undergoes DNA synthesis, cell death by apoptosis, or withdrawal from the cell cycle as in differentiation or senescence.
Several viral oncoproteins mimic their cellular counterparts in their duality to induce both cell cycle progression and apoptosis; examples include adenovirus E1A, SV40 LT, human papillomavirus E7, and polyomavirus middle and large T antigens (2, 20-22, 24, 30, 36, 47, 53, 57, 65, 67) . For a subset of these proteins, the cell cycle-promoting and apoptosis-inducing functions may well be inherently linked, as appears to be the case for adenovirus E1A (21, 57, 64) . In the case of st, there is anecdotal as well as published evidence to support the notion of it being cytotoxic, at least in the case of the homologous   FIG. 8 . Failure of st to induce apoptosis in CV1-P cells. The monkey kidney cell line CV1-P was transfected as outlined in the legend to Fig.  2 . Cell staining with PAb419 was carried out to visualize st expression (right panel), and DAPI staining was done for visualization of the nuclear morphology (left panel). In contrast to U2OS cells (Fig. 2) , the transfected CV1-P cells expressing st have largely intact nuclear morphology. . The rounded shape of dying cells is reversed by Bcl-2 coexpression to resemble normal cell shape. (C) U2OS cells were cotransfected with pSG5 st and CMV Bcl-2 in a 1:4 ratio. Subsequently, the cells were stained for st with PAb419 and with DAPI to visualize the DNA as described in the legend to Fig. 2A . Note the intact nuclear morphology, in comparison to Fig. 2B . (D) U2OS cells were transfected with st alone or, alternatively, coexpressed with either Bcl-2 or the broad caspase inhibitor p35. In some instances, the st-transfected cells were treated with potential modulators of apoptosis such as the broad caspase inhibitor z-VAD-Fmk (50 M) or the MEK inhibitor U0126 (10 M), and results were compared to that obtained with vehicle (DMSO) alone. Transfected cells expressing st were identified by cell staining with PAb419, and nuclear morphology was assessed as intact or disrupted. The percentage of disrupted nuclei was plotted in the graph and compared to that obtained with LT (negative control). At least two independent experiments, each time counting 100 st-expressing cells, were conducted; for some of the combinations several more experiments were performed. Average values are displayed in the graph. (E) U2OS cells transfected with either 1 g of st vector plus 4 g pcDNA3 vector or 1 g of st vector plus 4 g of pCMV Bcl-2 were lysed after 48 h and assayed by Western blotting for st expression using the PAb419 antibody. In the right panel, the same samples were analyzed for Bcl-2 expression using a Bcl-2 monoclonal antibody. polyomavirus st (5, 40; Roberts laboratory, unpublished observations). The observed cytotoxicity precluded the isolation of stable lines expressing st (40) . Interestingly, there is also a report suggesting that st can protect rat embryo fibroblasts from LT-induced apoptosis (33) . Furthermore, polyomavirus st can protect against the middle T-induced tumor necrosis factor alpha hypersensitivity (5). We do not view these findings as contradictory to ours. One protein, especially when multifunctional, can be both proapoptotic and antiapoptotic depending on expression level, cell type, and environment. For example, the human immunodeficiency virus type 1 Vpr and Tat proteins are each known to regulate apoptosis both positively and negatively (1, 3, 9, 17, 26, 44) . SV40 LT is yet another example of a viral protein with opposing activities in induction of cell survival and death (14, 18, 33, 43, 71, 77, 79) . Apoptosis often occurs as a consequence of stimulation of proliferative pathways in an unregulated, nonphysiological manner or in the absence of balancing cell survival signaling (23) . Thus, apoptosis constitutes part of the host cell defense against viral infection. For some viral gene products, apoptosis can also serve the purpose of releasing progeny virus and thus can play an important role in the viral life cycle during a lytic infection (59) . In the case of st, we find this to be the less plausible scenario, since st does not induce apoptosis in its natural host cell (e.g., CV1-P) (Fig. 8) .
Notably, induction of apoptosis as measured by either nuclear fragmentation or inhibition of colony formation is affected by mutation of the PP2A binding site in st C103S (Fig.  2C, 4, and 7) . PP2A is involved in a multitude of signaling pathways contributing to diverse cellular responses, such as proliferation, apoptosis, cell cycle progression, transcription, and replication (reviewed in references 45 and 80). PP2A may be regulated at many levels, since the B subunit is believed to target the enzyme to proper substrates or localization (reviewed in references 45 and 80) . st replaces the B subunit and inhibits the phosphatase activity on most substrates in vitro (52, 72, 73, 86) . It is conceivable that st may be doing more than simply inactivating PP2A enzyme activity, since, as mentioned above, the B subunit that st replaces has important functions in regulating substrate specificity as well as subcellular localization of PP2A. At least in the case of polyomavirus middle T and st, cellular localization in addition to PP2A a H1299 cells were transiently transfected with an expression vector for st, or mutant st, together with a cell surface marker, CD20. After 72 h, the cell cycle distribution of the st-expressing population was assessed using FACS and gating on the CD20-positive cells. This table shows cell cycle distributions from four independent experiments which produced consistent results. Experiments I and II used Fugene-6 for the transfection protocol, while experiments III and IV employed calcium phosphate.
binding determines the biological consequences (47) . For example, both polyomavirus middle T and st bind PP2A, but in different cellular compartments. Interestingly, st induces cell cycle progression as well as the c-fos promoter in a PP2A-binding-dependent manner, whereas middle T, which is membrane localized, does not. Conversely, middle T, but not st, activates JNK dependent on PP2A binding. Finally, there are also reports that polyomavirus st imparts specificity of PP2A toward phosphotyrosine substrates (12) .
An important part of this study is represented by the discovery that deletion of the last four amino acids (the tail) in the mutant TR4 strongly decreases binding of PP2A to st in vivo in U2OS cells. This finding was unexpected, given that previous reports found several carboxy-terminal truncation mutants of st to bind the A subunit of PP2A in vitro based on glutathione S-transferase (GST)-A fusion pull-downs. A primary interaction site in st was reported to be from amino acids 105 to 122 (42) , and carboxy-terminal truncations until amino acid 131 were reported not to affect binding significantly in vitro (72) . It remains a distinct possibility that our TR4 mutant directs the attention to a previously ignored role of the st carboxy terminus for efficient binding in vivo. Indeed, the other carboxyterminal truncation mutants used in previous reports were not tested for binding to PP2A in vivo (42, 72) . We cannot, however, entirely discount the possibility that our TR4 mutant is unfolded while all the other published carboxy-terminal truncations are not, but this seems unlikely, since TR4 does bind to GST-A under in vitro conditions previously reported (42, 72) (data not shown). It seems a plausible scenario that C103S and TR4 are both partial PP2A binding-defective mutants (Fig. 6 ) (48), whereas the double mutant C103S/TR4 is more binding defective. This would be consistent with the conclusion that the induction of apoptosis is entirely PP2A binding dependent; nevertheless, we cannot entirely discount the possibility that the TR4 deletion affects another, as yet uncharacterized function of st. The idea that the TR4 deletion is altering something in addition to PP2A binding is bolstered by the fact that the C103S and TR4 mutations have different effects on cell survival in H1299 cells (Fig. 7B and C) .
Consistent with our data implicating PP2A binding in cell death pathways, several reports over the years have presented evidence that the specific PP2A inhibitor okadaic acid can cause apoptosis in a wide variety of cell types (4, 8, 19, 35, 46, 49, 58, 85) . It remains unclear what the critical substrates are in eliciting cell death by okadaic acid, but in some scenarios, at least, transformed cells are more susceptible to death induction (58) . This is certainly consistent with our findings that transformed human cells are quite sensitive to st. Okadaic acid-induced apoptosis is reported to be both p53 dependent (85) and independent (8, 46, 58) , possibly due to cell type variations. PP2A has been implicated in both positive and negative regulation of a multitude of cellular kinases, perhaps accounting for the pleiotropic responses observed upon its inhibition (reviewed in reference 45).
Association of st with PP2A has been previously connected to ERK activation (72) (Fig. 10) . Although ERK activation is traditionally considered a survival signal, there is a precedent for activated MEK/ERK playing a proapoptotic role under specific conditions, e.g., cisplatin-induced, p53-independent cell death (82) or p53-dependent induction of NF-B (63). This may explain why treatment with the specific MEK inhibitor U0126 was found to result in partial protection against st-mediated cell death (Fig. 9D) . Certain other viral oncoproteins known to bind PP2A are also involved in induction of apoptosis. For example, polyomavirus middle T under certain conditions induces apoptosis in a PP2A-dependent manner (X. Cullere and B. Schaffhausen, personal communication). Furthermore, adenovirus E4orf4 is capable of inducing apoptosis in a manner that requires binding of PP2A (38, 69) . Although E4orf4 binds the B subunit of PP2A and, as preliminary evidence suggests, activates it, this observation nevertheless links PP2A to apoptosis regulation. Interestingly, E4orf4-induced apoptosis is likewise p53 independent (34, 38, 39, 68) .
Deregulation of the cell cycle has been frequently associated with apoptosis induction and, in some instances, tumorigenesis (reviewed in reference 32). In some models, apoptosis may be viewed as a consequence of conflicting growth signals. Interestingly, st can affect cell cycle transitions at several levels. For instance, st is reported to promote exit from G 0 , transit through G 1 , and entry into S phase, at least in some cell types (16, 29, 47, 72) (Table 1) . Analysis of transiently transfected H1299 cells by dual-color flow cytometry demonstrates that the C103S and TR4 mutants in st fail to affect cell cycle progression (Table 1) . Since the same two mutants are also involved in apoptosis induction (Fig. 4 and 7) , it remains possible that apoptosis is mechanistically linked to cell cycle progression. (29, 48, 55) . This may in part be mediated by activation of the MEK/ERK, PKC/NF-B, cyclin D1, and AP1 pathways and down-regulation of p27 KIP1 (25, 56, 72, 73, 83) . This report suggests that st activation of the MEK/ERK pathways also under some conditions may be involved in promoting the apoptotic response, since the MEK1 inhibitor partially protects. The DnaJ domain of st has been previously implicated in cyclin A promoter activation as well as transformer helper function, at least under certain conditions (55). We did not find a functional DnaJ domain to contribute significantly to the cell death response elicited by st. Finally, we surmise, based on published evidence, the existence of an activity in st conferring increased survival in certain contexts (5, 33) . This function is indicated by '?,' since we do not know if it represents a novel function or, alternatively, if one of the known functions under specific conditions may effect a cellular survival response.
Although we believe there may be a link between cell cycle transitions and apoptosis induced by st, we do not wish to imply that the latter is simply a consequence of the former. Arguing for a more complex relationship, we find that LT also induces cell cycle progression in H1299 but fails to induce apoptosis ( Fig. 2 ; also data not shown).
Consistent with our cell cycle results, a previous study using CV-1 cells infected with an adenovirus encoding st also observed increased G 1 exit and active cell cycling dependent on PP2A binding but not an intact DnaJ domain (29) . The ability of st to perturb these cell cycle transitions is perhaps linked to its upregulation of cyclin D1 and cyclin A concomitant with downregulation of the cdk inhibitor p27 KIP1 (55, 56, 66) . st may also affect cell cycle transitions other than the G 1 -S transition, as suggested by studies showing accumulation in G 2 /M phase upon st expression (50, 62) (Table 1 , experiments III and IV). These observations may provide evidence for a G 2 or M phase cell cycle block (62) . A delay or block preventing mitosis would be consistent with the ability of st to increase endoreduplication during lytic infection in CV1 cells (84) . The ability of st to manipulate the cell cycle machinery for optimal replication activity during a lytic infection may in other nonpermissive cell types lead to a cell death response.
Traditionally, apoptosis is often cathegorized mechanistically into either of two cellular pathways (reviewed in reference 10). One leads from cell surface death receptors, such as Fas and TNF-R1, via adapter proteins, such as FADD or TRADD, to the proteolytic processing of initiator caspase 8 followed by activation of the effector caspases 3, 6, and 7. The second pathway is frequently initiated by cellular stress signals, such as DNA damage, and invariably involves release of cytochrome c from the mitochondria. This released cytochrome c activates Apaf-1, thus generating active caspase 9, which in turn activates the effector caspases 3, 6, and 7. At this point we do not have definitive evidence for which pathway is involved in st-induced apoptosis; however, the partial protective effect of Bcl-2 ( Fig. 9B and C) suggests that mitochondrial regulation may be involved in the death response. Interestingly, Bcl-2 only reverses the nuclear morphology toward that of a normal cell in the transient assay. In a long-term colony assay, Bcl-2 failed to allow the cells to grow into visible colonies (data not shown). Perhaps other death pathways not suppressible by Bcl-2 prevail long term, or, alternatively, Bcl-2 may only delay the cell death. It remains possible that st, due to its PP2A inhibition activity, maintains Bcl-2 in a phosphorylated state, which in some contexts promotes apoptosis (51) . Consistent with apoptosis being the prevalent death pathway, we find that the broad caspase inhibitor z-VAD-Fmk as well as the baculovirus p35 caspase inhibitor can protect (Fig. 9D) . Future studies will address which specific caspases are involved in induction of death by st and whether reactive oxygen species may participate.
Interestingly, several viruses, including adenovirus, have been determined to utilize a sophisticated and complex network of pro-as well as antiapoptotic mechanisms, presumably for the most efficient manipulation of the host cell, thus maximizing viral replication. With our present demonstration of one or more proapoptotic activities of st, it appears that SV40 LT and st can modulate the apoptotic machinery both positively and negatively depending on the cell context (5, 14, 18, 33, 43, 71, 77, 79 ; this study). Our present study emphasizes the importance of PP2A binding for efficient induction of a cell death response as well as cell cycle progression mediated by st. Since the death response is p53 independent, it may involve other p53 family members, such as p73. While the genetic basis for the proapoptotic response is characterized in this paper, we do not yet understand the nature of the st antiapoptotic function reported previously in the literature (5, 33) . It may be that this function is inseparable from the proapoptotic one(s) and thus depends on the cellular context. Alternatively, apoptosis in human cancer cell lines, such as U2OS and H1299, may result from the lack of this protective function or its override by dominant proapoptotic signals. To distinguish between these intriguing possibilities, we await the further characterization of both pro-and antiapoptotic activities contained in st, work that is currently in progress.
